In this study we aimed at finding different solvents for PVB and determine the effect of concentration and solvents on electrospun polyvinyl butyral (PVB) nanofibers. Firstly, we solved PVB in isopropanol, n-butanol, dimethylformamide, ethanol and acetic acid in various concentrations. Later, we compared fiber characteristics for each solvent. We observed that with increasing concentration, the fiber diameter increased. Bead formation occurred in low concentrations and low viscosity of polymer solution. Each solvent has a different effect on nanofiber morphology. It is observed that fiber diameter and morphology is one of the parameters that can be controlled by solvent.
Introduction
Nanofibers can be produced from a wide range of polymers. These fibers have extremely high specific surface area due to their small diameters, and nanofiber mats can be highly porous with excellent pore interconnection. These fibers also have high surface to weight ratio, good barrier characteristics against the microorganisms and fine particles, high surface energy that indicates good moisture vapour transmission rates, good strength per unit weight, smoothing and covering effects, low energy requirement for production, etc. These unique characteristics impart nanofibers with many desirable properties for advanced applications. Several methods have been developed to fabricate nanofibers, such as template [1, 2] , self-assembly [3] [4] [5] , phase separation [6] , melt-blown [7] and electrospinning [8 -11] .
Electrospinning traces its roots back to electrostatic spray painting, which has been in operation for almost 100 years. In 1934, a process for the production of polymer filaments using electrostatic force was patented by Formhals [12] . Formhals encountered a number of problems early in his work, but by 1940 he had not only overcome those initial problems, but he had also developed methods of producing composite fibers using multiple polymers and for producing fibers that were aligned parallel to one another [13] .
In electrospinning system, polymer solution is extruded out of capillary using a syringe pump towards to a collector. A high voltage supplier is connected to capillary end and creates an electric field between capillary tip and collector. Due to high electric filed fibers are forming. As the jet moves toward a collecting screen, it elongates, solvent evaporates and fibers are formed on the aluminium foil collector. However the jet also undergoes instabilities, which are mainly responsible for nanosized fibre diameters and which also, affects the morphology of the forming fibres as shown in Fig. 1 [14] [15] [16] [17] . The electric field is subjected to the end on the capillary tube that contains the solution fluid held by its surface tension. Thus a charge on the surface of the liquid is induced. As the intensity of electric field is increased, the hemispherical surface of the fluid at the tip of capillary tube elongates to form a conical shape known as the Taylor cone [18] as shown in Fig. 1 . If the electrostatic force overcomes the surface tension and the charged jet of the fluid is ejected from the tip of the Taylor cone.
The advantage of needle electrospinning system is that very fine fibers are spun (average fiber diameter is about 75nm to 500nm). Viscosity has a big role on forming fiber. The lower viscosity of solution forms an elongation deformation easily. However, the instability of elongation deformation increases with growing deformation of low viscosity polymer solutions. This phenomenon is one of the problems in solution electrospinning, namely, "beads formation" [19] . The beads are more easily formed as the fiber diameter decreases. Therefore, it is very difficult to get very thin and beads-less fibers.
There are many parameters that affect the electrospinning system and final fiber morphology. These parameters can be grouped as process and system parameters. Applied voltage, flow rate of polymer solution, distance between capillary end and collector, ambient parameters and motion of collector can be identified as process parameters. Viscosity, concentration, conductivity, surface tension of the polymer solution and molecular weight can be shown as system parameters. Theron et al. [20] , for example, investigated the influence of the governing parameters, voltage, solution flow rate, concentration, molecular weight, distance and solvent grade, on electric current and charge density of the polymer jet in electrospinning.
In this work we examined effect of solvent on fiber morphology. Many studies showed that solvent has a big role on final fiber [21] [22] [23] [24] . Lubasova et al. explained what the poor and good solvents are for PVB by applying a Hansen Solubility Parameter (HSP). HSP was found to be a useful tool for the prediction of suitable solvents for preparation of the porous nanofibres via the electrospinning process [3] . Here we also tried to calculate the HSP and graphed. For this aim, polyvinyl butyral (PVB) polymer solution was used. Polyvinyl butyral (PVB) polymers have been extensively used in many applications, since PVB is a low-cost alternative showing flexibility, optical clarity and a good adhesion to many surfaces. In spite of the extensive literature on PVB polymer, only a limited number of studies were found involving the PVB nanofibers [25] [26] [27] [28] [29] [30] .
Result and Discussion

Measurement and Analysis of Polymer Solution
In this study we tried to determine different solvents for PVB to obtain the best fiber quality and smaller fiber diameter. Also, we could see the effects of solvents on PVB. In this step of work, we compared the effect of molecular weight on electrospun fibers from previous work [30] . As it is known from literature, the molecular weight of polymer affects spinnability. One of the factors that affect the viscosity of the solution is the molecular weight of the polymer. In general, when a polymer of higher molecular weight is dissolved in a solvent, its viscosity is higher than solution of the same polymer, but of a lower molecular weight. The molecular weight of the polymer represents the length of the polymer chain, which in turn has an effect on the viscosity of the solution since the polymer length determines the amount of entanglement of the polymer chains in the solvent. Another way to increase the viscosity of the solution is to increase the polymer concentration. Similar to increasing the molecular weight, an increase in the concentration will result in greater polymer chain entanglements within the solution which is necessary to maintain the continuity of the jet during electrospinning [31] .
The polymer chain entanglements have a significant impact on the breaking up of electrospinning into small droplets or on bead inclusion of electrospun fibers [32] . Although a minimum amount of polymer chain entanglements and thus, viscosity is necessary for electrospinning, a viscosity that is too high will make it very difficult to pump the solution through the syringe needle [33] . Moreover, according to Zhong et al. when the viscosity is too high, the solution may dry at the tip of the needle before electrospinning can be initiated. With increased viscosity, the diameter of the fiber also increases. This is probably due to the greater resistance of the solution to be stretched by the charges on the jet [34, 35] .
Polymer solution properties were measured and tabulated in Table 1 . It is obviously clear that viscosity increases with increasing conductivity. All solvent-polymer systems have their specific viscosity value at the same concentration. For instance, 6% PVB+propanol solution has a viscosity value twice of 6% PVB+DMF, while almost half of 6% PVB+butanol solution. Higher viscosity favors formation of fibers without beads. The result of conductivity, surface tension and viscosity are tabulated in Table 1 .
It seems that surface tension of polymer solutions did not change significantly with concentration. Polymer solution which prepared with DMF and acetic acid has higher surface tension value than others. Fong has reported about beaded PEO nanofibers. He explained that the viscosity, net charge density and surface tension of solution are key parameter of formed bead fibers [36] . Surface tension drives towards the formation of beads, because reduced surface tension favors the formation of fibers without beads.
In general PVB polymer solutions have very low conductivity values, especially with acetic acid. Conductivity has a significant role on fiber forming and resultant fiber morphology. If the conductivity is very low, the polymer solution can hardly transported to collector by using high voltage supplier. From previous work we know that high conductive polymer solution yields to form fine fibers, on the other hand if the conductivity increase more fiber diameter increases due to transporting higher amount of polymer solution and shorter evaporation time [37] . Higher conductivity not only favors formation of fibers without beads, but also favors the formation of thinner fibers. 
Tab
Hansen used a three-dimensional geometrical model to the interpret solubility of a polymer by a graphical method. Hansen's three dimensional volumes can be similarly illustrated in two dimensions by plotting a cross-section through the center of the solubility sphere on a graph that uses only two of the three parameters, most commonly ∂p and ∂h. Predicting whether a polymer is soluble in a mixture of two solvents, for example while possible mathematically, is accomplished on a graph by drawing a line between the two solvents and seeing whether that line passes through the area of solubility for the polymer. The graphs use the hydrogen bonding component parameter and the polar component parameter as the X and Y axis, respectively, and plot the circle generated by the radius of interaction for each polymer; the symbols indicate the respective locations of solvents. The radius of the solubility sphere is the interaction radius R. Solvent points are represented by HSP of solvents ( Sδp, Sδh). If a solvent point is located at the centre of the solubility sphere, then the polymer can be dissolved by the solvent. On the other hand, if the solvent point is placed outside the solubility sphere, such solvent does not dissolve the polymer [28] as shown in Fig. 2 .
Fig. 2. Hansen solubility graph.
A polymer is probably soluble in a solvent (or solvent blend) if the Hansen parameters for the solvent lie within the solubility sphere for the polymer. In order to determine this (without building a model) it must be calculated whether the distance of the solvent from the centre of the polymer solubility sphere is less than the radius of interaction for the polymer (Formula 5): If the distance ( D (S-P) ) is less than the radius of interaction for the polymer which is 10.6 for PVB [40] , the solvent would be expected to dissolve the polymer [39] . The D (s-p) number is calculated and tabulated in the It is obviously clear that all the solvent which was used are able to solve the PVB. After measuring the polymer properties, solution was spun on needle electrospinning system.
Measurement and analysis of fiber properties
As has been discussed in the introduction, there are many parameters which affect final fiber morphology. Solvent is one of the key parameter for electrospinning system. With a good solvent it is easy to spin fibers into nano diameter. Herein, we used five kind of solvent which are able to solve PVB. Effect of each solvent on fiber morpho conditio Fig. 3 Table 5 . Uniformity 
6%
Lastly, spun b able to becaus Fiber uniformity and uniformity of PVB+ acetic acid which are closed to optimum value 1 are shown in Table 7 .
Tab. 7. Uniformity of fibers (CFU).
6% PVB+A.Acid 8% PVB+A.Acid 10% PVB+A.Acid 0 1.033 1.034
Conclusions
In this study, the effect of using different kinds of solvent with the polymer PVB and effect of concentration on electrospinning were investigated. First of all solvents were determined and Hansen Solubility Parameters were calculated. All of the solvent had lower intersection radius than PVB polymer. This means all of them were able to solve PVB polymer. It seems that every solvent which is able to solve PVB polymer shows different spinning characteristic properties in the same concentrations.
Higher concentrations represent higher polymer chain entanglements. Lower concentrations and lower molecular weight represent lower fiber diameter, however, side beads have been observed in the acetic acid, DMF and butanol solvents.
The fiber diameters which were produced from PVB in DMF solvents are the lowest which is less than 100 nm. It is necessary to increase viscosity by preparing high concentrations, using higher molecular weight of polymer or with some additives like salt to avoid bead structure.
By using acetic acid, DMF and butanol fiber diameters were very low, but beads formations were placed. We investigated that propanol and ethanol were good solvents for PVB to produce nanofiber. Ethanol solutions showed desirable characteristics for electrospinning system. On the other hand fiber uniformities of ethanol and propanol solutions were higher than others which mean that fiber diameter distribution is wider than others. Finally, it has been demonstrated that with appropriate solvent the fiber diameter and formation of beads can be controlled.
Experimental
Materials
In this study, polyvinyl butyral was with molecular weight of 60.000 (PVB60) with the acetalization degree T. The degree of acetalization of Mowital correlates directly with the residual concentration of polyvinyl alcohol: the lower the residual PVA concentration, the higher the degree of acetalisation. Depending on the degree of acetalization, or the residual PVA content, the individual Mowital grades display different physical and chemical properties. The suffixes T, H and HH indicate the degree of acetalization. Properties such as water resistance, solubility in non-polar solvents and comparable with non-polar polymer increase with increasing acetalization degree. PVB 60T has the PVA content around 24-27%. PVB was purchased from Kuraray.
Determining the solvents for electrospinning process; 6%, 8%, 10% wt. concentration of PVB with isopropanol (Penta) 6%, 8%, 10% wt. concentration of PVB with butanol (Penta) 6%, 8%, 10% wt. concentration of PVB with dimethylformamide (DMF) (Penta) 6%, 8%, 10% wt. concentration of PVB with ethyl alcohol (Einecs) 6%, 8%, 10% wt. concentration of PVB with Acetic Acid (Penta) were used.
Fiber properties of PVB such as SEM images (Phenom FEI), fiber diameter and distribution were determined by Nikon NIS Element AR image analysis software.
Methods
In needle electrospinning a high voltage supplier was used for spinning the fibers (Figure 1 ). In needle electrospinning there was a needle which was supported with a needle pump and one electrode from high voltage supplier. This voltage supplier was connected to needle. Furthermore, there was a plate collector which was grounded. The spinning process occured between needle tip and collector due to electric field. By using needle pump and electric field polymer moved from needle tip. The PVB solutions were stretched from needle tip towards collector by electric field. As the solvent evaporated, the jet of polymer solution started to be solid and formed as fiber before reaching to collector. An aluminium layer was covered to collect fibers onto it. Spinning conditions are shown in Table 8 . The fibers were observed under SEM and the average fiber diameter was calculated from the SEM images with the aid of Nikon NIS Element AR image analysis software. Conductivity (Radelkis OK-102/1), viscosity (Haake Roto Visco 1 at 23 C°), surface tension (Krüss K9) tests were done.
Distribution of fibre diameters was characterised using the fibre uniformity coefficient CFU. This was defined similarly to the characterization of the molecular weight distribution in macromolecular chemistry (Formula 1,2 and 3):
where. Monodisperse systems show CFU equal to one. The bigger the CFU, the broader is the distribution of d [27] .
